Structural studies have revealed that chromatin is composed of repeating units or nucleosomes having two distinct domains, the nucleosome core and the linker region. The nucleosome core comprises 146 base pairs of DNA wound in one and three quarter turns around an octamer of histones made up of two symmetrical tetramers (1). It may be inferred on topological grounds that this structure must be perturbed during chromatin transcription and replication since the histone core bridges the supercoll which blocks the passage of polymeraae along the template and prevents the unwinding of DNA required for enzymatic copying. A number of mechanisms for freeing the DNA template may be envisaged, and one detailed model, based on symmetrical dissociation of the histone tetramers, has been proposed (2). Here we present evidence against such impairing or indeed any detachment of histones from the octamer during chromatin transcription, and we give reasons for favouring a transcriptional mechanism based upon the separation of the octamer from at least one strand of the DNA.
INTRODUCTION
The most explicit model for chromatin transcription is that of Weintraub et al (2) , in which the nucleosome is forced to dissociate along its dyad axis the unpaired histone tetramers remaining attached at the extremities of the linear DNA segment. We have submitted this model to a critical test by introducing a covalent cross-link to prevent the dissociation of the histone tetramers. This can be achieved with minimal disturbance of the native structure, for we have found it possible to oxidise the thiol groups located at position 110 in chicken histone H3 to generate a disulphide bridge across the interface between the two H3 molecules at the dyad axis of the octamer (3) .
Neither this modification, nor the more drastic cross-linking of histone octamers with Lomant's reagent (4) , inhibit the transcription of chromatin
In vitro by E. coli RNA polymerase.
INTRODUCTION OF COVALENT CROSS-LINKS BETWEEN HISTONES IN SITU
Polynucleosotne3 were prepared by micrococcal nuclease digestion of erythrocyte nuclei, and a homogeneous fraction of 20 nucleosome-long chains was obtained by sucrose gradient centrifugation. Histones HI and H5 were removed by DNA cellulose chromatography (5) . The sulphydryl groups of the histone H3 pairs in the nucleosomes were catalytically oxidised with copper phenanthroline (6) . Prior to oxidation, polynucleosomes (A_ nm-1-2) were z60 dialysed into 50 mM triethanolamine, 0. were prepared for histone analysis by lyophilisation from the TEP buffer, dissolution in sample buffer without 2-mercaptoethanol and heating at 100 for 1 mln. Electrophoresls was performed in 15% polyacrylamide gel slabs according to Laemmli (7) . After electrophoresis, the protein was stained with Coomassie Brilliant Blue.
Hi-and H5-depleted polynucleosomes (A =1-2) were dialysed against 0.1 M borate buffer, 60 mM NaCt, 0.5 mM EDTA and 0.1 mM PMSF, pH 9.0. Dithiobls-(succinimldylpropionate) (Lomant's reagent) (8) , dissolved at 50 mg/ml in dimethylformamide was added to give 1 mg/ml, and the sample was incubated for 3 h. at 25°. The reaction was terminated by adding Tris-HC£ buffer (10 mM), followed by dialysis against 80 mM NaCt, 10 mM Tris-HCfc, 0.1 mM EDTA, 0.1 mM PMSF, pH 7.5. Histones were analysed by electrophoresis in 5% polyacrylamide gels according to Weber and Osborn (9) .
INTRODUCTION OF COVALENT CROSS-LINKS BETWEEN HISTONES BY RECONSTITUTION
To extract DNA from polynucleosomes, solutions were made 0.1% in sodium dodecylsulphate (SDS), and were then extracted twice with phenol and twice with chloroform. DNA was precipitated from the aqueous phase made 0. To extract RNA, the reaction mixture was made 0.1% in SDS, 0.1 M NaCi, and 5 ug of E. coll transfer RNA was added as carrier. After phenol/chloroform extraction, the aqueous phase was applied directly to a Sephadex G5O column (0.7 x 45 cm) and the RNA was eluted with 10 mM NaCfc, 1 mM EDTA, 0.1% SDS, 10 mM Tris-BCi., pH 7.5, precipitated by the addition of two volumes of ethanol, washed with 70% ethanol and dried In vacuo.
The RNA size distribution was determined by formamide gel electro-3 14 4 phoresis (12) . ( H) RNA transcripts and ( C) RNA size markers (2.5x10 dpm, 14 23S, 16S and 4S RNA isolated from E. coll grown in the presence of ( C)-uracll) were lyophilised and dissolved in 10 pi of buffered deionised formamide containing 0.005% bromophenol blue, 20% sucrose. This mixture was heated to 50 and subjected to electrophoresis on 4% polyacrylamide-99% formamide cylindrical gels (O.5 x 6.5 cm). After electrophoresis at 2 mA/ tube, the gels were soaked in water for 1 hr., frozen at -70° and sliced.
The slices (1.6 mm) were treated with 0.3 ml of Soluene 350 (Packard), heated 1-2 hrs. at 50 , mixed with 3.5 ml Permablend/toluene scintillant (Packard) and counted In a li(juid scintillation spectrometer.
RESULTS
The HI-and H5-depleted polynucleosomes used as templates in this study were catalytically oxidised in situ, using copper phenanthroline. Essentially quantitative conversion of histone H3 to the disulphide form results, and this can be reversed by reduction with 2-mercaptoethanol (Fig. 1A) . We The template activity of the polynucleosomes can now be assessed both from the yields of RNA and the size distribution. As a further demonstration that the nucleohistone complex (and not free DNA) was transcribed, we showed that synthesis was inhibited when the histone was cross-linked to the DNA with formaldehyde (14) . It seems clear that the treatment of formaldehyde does not cause a redistribution of the core histones on the HI-and H5-depleted polynucleosomes (15) .
The oxidation of the histone H3 pairs did not diminish the template activity of the polynucleosomes or change the molecular weight distribution of the RNA product ( Fig. 2A,C) . R>r both the oxidised and native templates, From the yields of RNA (ca. 50 ng/yg DNA) we calculate that about 10% of the DNA sequence in the polynucleosome templates was transcribed.. Over 90* of the histone H3 was oxidised in these experiments from densitometry of the gels (Fig. 1A) , but we could not exclude the presence of a small proportion of unoxldised monomer which, if localised in particular regions of the template, might account for the observed level of transcription. To eliminate this possibility, we reconstituted polynucleosomes using oxidised core histones obtained in the normal isolation procedure (see above), assuming that the minor proportion of unoxidised monomer would be randomly distributed within the resulting chains. Reconstitutions were performed in the presence and absence of 2-mercaptoethanol, resulting in polynucleosomes containing H3 monomers and mainly dimers, respectively (Fig. IB) . The size distribution of RNA transcribed from these templates (Fig. 3) and from native polynucleosomes or polynucleosomes oxidised In situ ( Fig. 2A,C) were indistinguishable.
The high molecular weight transcripts from the latter cannot therefore be ascribed to stretches of un-oxldlsed nucleosomes. We have also shown that incubation in the transcription system (lacking 2-mercaptoethanol) does not lead to the scission of the disulphide bridge (Fig. 1A) . These results exclude a transcription mechanism involving the symmetric dissociation of histone tetramers.
Next the histones were extensively and randomly cross-linked with the bifunctional reagent dithiobls (succinimldylpropionate) (8) to yield an octamer which no longer dissociated in sodium dodecylsulphate (Fig. 1C and Ref. 4 ). This material also served as a template for the synthesis of high molecular weight RNA chains in the same amount as the native polynucleosome control (Fig. 2D) . Given the extensive cross-linking in this system, it would seem that we may go further and assert that no histones need to dissociate from the octamer for transcription to proceed.
The experiments on formaldehyde-treated chromatin lead to a more positive to associate with intact nucleosomes (32, 33) , or a segment of naked DNA, since (in Hl-depleted chromatin) the histone cores can be readily induced to slide along the chain (34) or to exchange with denuded DNA (35) . Further experiments to test and refine these models are in progress.
